Introduction
Invasive species are a growing ecological concern. As they spread into a new region, they inevitably encounter physical stresses, as well as novel biological interactions, that may slow or even limit further range expansion (Gaston 2003) . Nevertheless, invaders having sufficient genetic variation can potentially adapt to these new stresses and, if so, will be able to resume range expansion. Invasive species that have recently colonized large areas encompassing diverse climates thus provide a special opportunity to evaluate the role of adaptation to physical stresses. If environmental stressors vary clinally with climate, then evolution of stress tolerance likely facilitates (or at least helps maintain) range expansion. But if stress tolerance is independent of climate, then invaders probably rely on behavioral adjustments that effectively ameliorate phenotypic selection ) -or gene flow may be swamping local adaptation (Kirkpatrick and Barton 1997) .
Many established species show clinal variation in stress tolerance, suggesting that purely behavioral alternations such as changes in diurnal activity patterns or microhabitat preferences may be insufficient to fully accommodate climatic gradients Gaston 2003; Hoffmann et al. 2003b) . But whether an invasive species will adapt to climatic gradients -and thus to continue to expand its range -is largely an open question (Hoffmann and Weeks 2007) . Often invaders experience major genetic bottlenecks, and may adapt slowly because of the lost genetic variation (Hoffmann et al. 2003a; Magiafoglou and Hoffmann 2003) . Moreover, geographic variation in the patterns of selection on other traits (genetically correlated with stress tolerance) might also affect evolutionary trajectories. For example, selection at low latitudes (or at warm temperatures in the lab) may lead to decreased body size; but decreased size might lead to reduced stress tolerance. In this case, direct selection at low latitude may promote increased stress tolerance, but indirect selection on size will lead to decreased stress tolerance. Therefore, whether one sees clinal variation in tolerance of stress -or even the direction of the variation -will depend on whether selection for increased tolerance dominates selection on body size.
Drosophila subobscura is a recently invasive species that is suitable for exploring these issues. This species is native to the Old World, where it ranges from North Africa to Scandinavia (Krimbas 1993) . These flies invaded Chile in the late 1970s and experienced a severe bottleneck in the process: in fact, only $7-10 flies founded the South American population (Brncic et al. 1981; Rozas et al. 1990; Pascual et al. 2007 ). Nevertheless, this species quickly colonized a broad latitudinal range (Brncic et al. 1981; Prevosti et al. 1985) . From Chile, a second propagule soon invaded North America ($100-150 effective founders, Pascual et al. 2007 ) and quickly colonized the west coast (Beckenbach and Prevosti 1986) .
This three-continent system provides remarkable opportunities to monitor rapid evolution on a broad geographic scale (Ayala et al. 1989) . The native Old World populations offer an evolutionary baseline, as these flies have had millennia to adapt to climatic gradients. Moreover, the North and South American populations have been evolving in situ for only three decades and thus serve as replicates for monitoring both the speed and predictability of adaptation to novel environments (Ayala et al. 1989; Huey et al. 2000) . Despite the bottleneck (above), D. subobscura quickly evolved latitudinal clines in chromosomal arrangements that are generally parallel in sign to those in the Old World (Prevosti et al. 1985; Beckenbach and Prevosti 1986; Balanyà et al. 2003) . Within two decades, the New World flies evolved latitudinal clines in wing size that are remarkably similar to the Old World ones (Huey et al. 2000; Gilchrist et al. 2001 , at least for females. Whether D. subobscura have also rapidly evolved clines in stress tolerance is unknown: that is the subject of our study here. We collected flies from multiple populations on all three continents, reared them in a common garden for several generations and then compared their tolerance to desiccation and to starvation.
Several previous studies have investigated geographic clines in physiological resistance in other Drosophila species Robinson et al. 2000; Hoffmann et al. 2002; Anderson et al. 2003; Schmidt et al. 2005; Sorensen et al. 2005) . These studies generally document that physiological tolerance of desiccation and starvation is highest in low-latitude populations, suggesting that selection on tolerance is partially independent of selection on body size. These previous studies do document physiological clines, but they provide limited insight on the issue of how fast such clines evolve, as the studied populations may have been evolving for thousands of years. In the case of Drosophila melanogaster, however, clines must have evolved within the past 100 years (Hoffmann and Weeks 2007) ; but whether they evolve much faster than that is unknown.
Materials and methods
Drosophila subobscura were collected in the field from Europe (April-May 1998), South America (November 1999) and North America (April-May 2002). The populations studied here are shown in Fig. 1 and location details are provided in Appendix 1. Details of the methods used to establish the lines are provided in . These experiments were undertaken approximately 1 year (<15 generations) after population cages were established by combining 20-25 isofemale lines in equal numbers. One population cage (24 cm · 14 cm · 12 cm) was maintained for each locale at $1000 adults on continuous, overlapping generations with larvae reared at low density on 14L:10D at 20°C.
Desiccation tolerance
For each experimental block, flies were reared at controlled density (50 ± 5 eggs/vial) at 20°C (14L:10D). Within a few hours after flies enclosed, we separated males and females (under light CO 2 anesthesia) and set up five vials (with yeasted media) of males and five vials of females, each with 10 flies per vial. When the flies were 3-to 5-days old, we transferred them into vials containing Drierite (a desiccant, separated from the flies by a foam stopper) and sealed with Parafilm. Thus, flies had no access to food or water. We then checked vials every 3 h and recorded the median time of death (LT50, lethal time to 50% mortality) for flies in each vial. We replicated the experiment in two blocks, such that each sex from each population was represented by 10 vials.
For a subset of three locales from ancestral Europe and three from invaded South America (Table 1) , we desiccated 20 individuals of each sex per population in indi-vidual vials. We recorded wet mass at the start of desiccation and every 4 h for 40 h, noting the time of death to test for a relationship between body size and desiccation tolerance.
Starvation tolerance
Flies were reared as above and maintained until the adults were 3-5 days of age at 20°C (12:12 L:D). For each population, we separated males and females (as above) and set up six vials (with yeasted media) of males and six vials of females ($10 flies per vial) in each of two blocks. The next day, we transferred the flies into vials with moist sponges, but no media. We then checked the vials every 6 h (0600, 1200, 1800 and 2400 h) and then recorded the median time of death of flies (LT50, lethal time to 50% mortality) in each vial. We replicated the experiment twice, such that each sex and population was represented by 24 values. We later dried the flies and computed an average dry mass.
Weather data
Weather data were gathered using the NOAA Global Daily Record (http://cdo.ncdc.noaa.gov/CDO/cdo) for our sites, or sites as similar in latitude, longitude and elevation as 
(so that higher scores mean greater aridity), where P is the total precipitation (cm, Fig. 2A .) over the period of interest and T is the mean maximum daily temperature (°C) during that period. An AI value of 1 means no precipitation fell during the period of interest. We focus on the summer AI, as summer is the driest season at most sites. De Martonne's index combines the available temperature and precipitation data in a single variable that varies linearly with latitude ( Fig. 2B ). In contrast, precipitation data alone was best described by a cubic polynomial ( Fig. 2A) . The summer AI decreases in parallel (heterogeneity of slopes: F 2,25 = 0.32, P = 0.731) with latitude on all three continents ( Fig. 2B.) , with North America being more arid than Europe, which is more arid than South America (ANCOVA: F 2,27 = 6.04, P = 0.0068). Note that the highest latitude sites in Europe and South America are somewhat more arid than the next highest sites. Excluding those sites made no significant difference in any of the analyses presented below; therefore we elected to retain them.
Statistical analysis
Clinal variation in desiccation tolerance was analyzed using mixed linear models of the LT50 score (square-root transformed to stabilize the variance and improve normality). We treated sex and continent as fixed factors, latitude or the AI as covariates, and population and block as random factors. Examination of desiccation tolerance as a function of the AI effectively controls for variation in the latitudinal range on each continent. Using the individual body mass and time to death data, we tested for clinal, continental and sex differences using mixed linear models, with population as a random factor. In these and subsequent analyses, we focus primarily on comparing slopes among experimental blocks. What we are interested in is whether or not clinal patterns are consistent across blocks, indicating relative differences among the populations in desiccation tolerance. In effect, we are using the multiple measures within a continent as internal controls. Although we do analyze the intercepts among populations through analysis of covariance, we cannot rule out the possibility that significant differences were due to some unmeasured aspect of the test conditions among replicate blocks. Logistical considerations prevented simultaneous assays of all three continents.
Clinal variation in starvation tolerance was analyzed using similar mixed linear models of the LT50 score (square-root transformed to stabilize the variance and improve normality). We treated sex and continent as fixed factors, latitude or weather statistics as covariates, and population and block as random factors. We report mean ± 1 SE for all summary statistics. All statistics were carried out using R 2.51 (R Development Core Team 2006).
Results
Desiccation tolerance: clinal patterns Significant clinal variation in desiccation tolerance, as measured by the LT50, was observed for females from all continents. Both ancestral European (slope = )0.042 ± 0.0088, t 96 = )4.748, P = 0.000015) and invasive North American females (slope = )0.019 ± 0.0096, t 108 = )2.034, P = 0.047) show negative latitudinal clines in desiccation tolerance (Fig. 3) . South American females, however, show a trend toward a positive cline (slope = 0.020 ± 0.0108, t 96 = 1.832, P = 0.0694). Males show nonsignificant, but parallel (to female patterns), clinal variation for each continent (Fig. 3) . For females, but not males, there is a significant heterogeneity of slopes among the continents (females: F 55,2 = 9.85, P = 0.0002; males: F 2,55 = 1.1632, P = 0.3201). Although the heterogeneity among females precludes an analysis of covariance, it is clear that desiccation tolerance is generally higher at any given latitude in the invasive North American populations than in the ancestral Europeans for both sexes. Within sites, females have a much higher desiccation tolerance than males. Desiccation tolerance increased with the summer AI in both ancestral Europe and North America. A secondorder polynomial regression provided a better fit to the data, suggesting that increased desiccation tolerance only evolved above a certain aridity threshold (Fig. 4) . Both females and males from Europe show a significant linear increase in desiccation tolerance with increasing aridity (females: 7.12 ± 1.578, t 96 = 4.51, P = 0.0000079; males: 3.71 ± 1.579, t 96 = 2.35, P = 0.019). North American flies show a trend toward aridity clines in the same direction (females: 2.57 ± 1.4220, t 108 = 1.81, P = 0.071; males: 2.37 ± 1.422, t 108 = 1.66, P = 0.097). South American flies, on the other hand, show no significant tolerance pattern with aridity (females: )1.44 ± 1.286, 
Body size and desiccation tolerance
Two approaches were used to assess whether or not body mass contributed to desiccation tolerance. We first regressed the mean desiccation index for each population in each block on mean wet body mass from our previous studies (1-2 years prior to this study) to test the hypothesis that populations with a larger mean body size might have higher desiccation tolerance solely due to size. None of the slopes was significantly different from zero ( Fig. 5 , P-values ranging from 0.13 to 0.68), meaning that we could not reject the null hypothesis that body mass did not predict desiccation tolerance.
We also examined changes in body mass during dessication for individuals sampled from three ancestral European and three invasive South American populations to see if body mass influenced desiccation tolerance at an individual level and to test for differences among populations and continents. In this study, the median time to death showed little latitudinal variation (P = 0.613), but was strongly and positively associated with the loss of body mass within some populations (Table 1) . Large females from low-latitude populations in both the ancestral and invasive populations were the most desiccation tolerant (Table 1) , whereas males from both low-and high-latitude populations showed a significant positive relationship between body size and desiccation tolerance (Table 1) .
Starvation tolerance: clinal patterns
No significant clines are apparent for starvation tolerance except for North American males ( Fig. 6 ; slope ± SE: )0.021 ± 0.0089, t 163 = )3.237, P = 0.0162). Females had significantly higher starvation tolerance than males. Overall, the invasive North American females appear to be much more starvation tolerant than native European or invasive South American females (Fig. 6 ). There is no significant linear relationship between average wet mass and starvation LT50 within continents for either sex (all P > 0.11).
Discussion
A central question in invasion biology is whether or not one can predict the evolutionary responses of an invasive population to climatic gradients. Contemporary evolution has been observed in many invasive species with diverse life histories (Stockwell et al. 2003; Huey et al. 2005; Carroll et al. 2007) , suggesting that one might expect rapid evolution following a shift in environments. Ancestral and invasive clinal populations offer a unique opportunity to examine evolving patterns of morphological (Gilchrist et al. 2001 , physiological (Hoffmann et al. 2002) and genetic variation (Balanyà et al. 2003 Mass (mg) Desiccation LT50 (sqrt h) and invasive clines of known divergence time can yield insights on the minimal rates of evolution possible for a given system Hoffmann and Weeks 2007) . The dual introduction of D. subobscura into South and North America sometime around 1980 presents an exceptional opportunity to compare evolutionary trajectories.
Ancestral European populations show a clear clinal pattern in desiccation tolerance (Figs 3 and 4) , with especially high values for females from lower, more arid populations as predicted by the adaptive hypothesis. North American populations show a similar clinal pattern and a significantly higher overall level of desiccation tolerance (Figs 3 and 4) . South America, however, shows a nonsignificant increase in desiccation tolerance with latitude (Fig. 3 ) and a decrease with aridity (Fig. 4) , contrary to the hypothesis of adaptation. One possible explanation is a genetic bottleneck that restricted the genetic variation available to mount an adaptive response. Indeed, Hoffmann and colleagues (Hoffmann et al. 2003a; Kellermann et al. 2006) suggested that low genetic variation might be an explanation for the lack of a desiccation cline in Australian Drosophila birchii. For the introduced populations of D. subobscura, South America was probably founded first, by 4-12 flies, with a large propagule (100+) transferred to North America within 5 years (Pascual et al. 2007 ). The New World populations have undergone a reduction in genetic diversity, with South and North America today sharing only 18 of the 90 or so chromosomal arrangements present in ancestral Europe, yet parallel clinal patterns have evolved within a few generations on all three continents (Prevosti et al. 1988; Balanyà et al. 2003) . In spite of the loss of many chromosome arrangements, allozyme polymorphisms are not dramatically reduced in the New World (Balanyà et al. 1994) . The loss of the high levels of genetic variation present in European populations did not dramatically reduce the adaptive potential of the colonists, perhaps due to the rapid expansion of the New World populations. Furthermore, if there was a significant bottleneck, it appears to have occurred during the founding of the New World populations, not in the transfer between the Americas (Pascual et al. 2007 ). The genetic similarity of the two New World populations coupled with the similar climatic regimes offers no clue as to why one continent would evolve what looks like an adaptive pattern of desiccation tolerance while the other did not.
Previous studies of other traits suggest that genetic constraints have not severely limited adaptive evolution in D. subobscura in the New World. Chromosome arrangement clines evolved within a few years of the founding in both South and North America (Balanyà et al. 2003) and, consistent with a high adaptive potential, the clinal patterns on all three continents have shifted in parallel toward chromosomal patterns indicative of more equatorial habitats, suggesting a significant evolutionary response to climate change (Balanyà et al. 2006) . Clines of increasing body size with latitude have been known in the Old World since the 1950s (Prevosti 1955; Misra and Reeve 1964; Pegueroles et al. 1995) , and parallel clines in female wing size had evolved in the New World within two decades of the introduction (Huey et al. 2000; ). The adaptive significant of these size clines remains elusive (Santos et al. 2005) ; however, there is a general trend (Bergmann's rule) among animals in general (Atkinson 1994; Ashton et al. 2000; Ashton and Feldman 2003 ; but see Blanckenhorn and Demont 2004) to increase in body size at high latitudes. These parallel changes superficially suggest that observations of clinal patterns in native populations might yield a good prediction of evolving patterns in invasive populations; however, a closer look at the details suggests otherwise. Although the clinal patterns in chromosomal arrangements of D. subobscura are similar in sign on all three continents, the slopes in the New World are generally shallower and show little sign of evolving steeper slopes like their European conspecifics (Balanyà et al. 2003) . Although female wing size forms virtually identical clinal patterns on all three continents, parallel male clines have not evolved in the New World . In other drosophilids, the genetic correlation between male and female size is nearly one; however, the observed response in one sex to selection on the other sex lags behind predictions made by quantitative genetics (Reeve and Fairbairn 1996) , suggesting that the contrast in female and male clinal patterns might not be unexpected. Larger wings could evolve either by increasing cell size or by increasing cell number. Whereas European and South America wings generally increase in cell number toward the poles, North American wings increase in cell size (Calboli et al. 2003) . This suggests fundamentally different proximal processes acting in the two colonizing populations.
One particularly striking aspect of desiccation tolerance is its potential relationship with body size. All else being equal, organisms with a larger body size will have a reduced surface area to volume ratio and a potential advantage in desiccating environments. The typical clinal increase in wing size seems antithetical. The cool high-latitude populations where the largest size is obtained are the least arid environments (Fig. 2) in the geographic range of Drosophila subosbscura, with significantly higher summer precipitation than more equatorial populations (with the exception of Coyhaique in South America). If we look at clinal variation in wet body mass, however, we find a quite different story than the clear clinal patterns in wing size: mass does not scale with latitude in either ancestral Europe or invasive North America; only in South America is there any sign of a relationship ). Yet when we examined individual flies within high-, mid-, and low-latitude populations in ancestral Europe and South America, we found a strong relationship, particularly among the low-latitude populations on both continents, for larger individuals to have higher desiccation tolerance. This suggests that selection on desiccation tolerance may, in fact, favor larger body mass at lower latitude; however, this is opposed by some other selective factor favoring smaller body or wing size in the same habitats. Several studies (Azevedo et al. 1998; Morin et al. 1999; ) have documented clinal variation in wing loading, the ratio of body mass to wing size, with populations from low latitudes generally having higher wing loadings than those from high latitudes, largely due to increases in wing size at high latitudes. Relatively low wing loading confers a flight performance advantage in cool temperatures (Roberts et al. 2001) ; however, the advantage of higher wing loading in warmer, low-latitude populations is unknown. Australian D. melanogaster with relatively short wings and larger thoraxes appear to have an advantage in local foraging, whereas those with longer wings and smaller thoraxes are stronger dispersers ); whether or not this offers insight into the forces generating clinal patterns is less certain. More relevant to this paper is the observation that some key traits are under relatively complex selection regimes that may vary among clines, even though the clines share similar climatic gradients.
We found no clinal variation in starvation tolerance. Moreover, the larger flies from high latitudes were not significantly more starvation tolerant than low-latitude flies; in fact no significant relationship between body mass and starvation tolerance was found within any continent. One might predict that the abundance of food resources would be inversely proportional to the aridity of a habitat, as primary productivity is generally low in arid regions.
In this study, we have focused on the clinal patterns (slopes) within and among continents to a greater degree than the overall differences in desiccation tolerance (y intercepts) among continents because of concerns about laboratory adaptation. Studies of clinal variation in stress tolerance in D. melanogaster from Australia suggest a relatively rapid adaptation to laboratory conditions (Hoffmann et al. 2001) , resulting in a reduced LT50 in starvation and desiccation tolerance over the course of a few generations. Other studies show an increase in starvation or desiccation tolerance (Bharathi et al. 2003; Griffiths et al. 2005) . We acknowledge that some laboratory adaptation may have occurred in our D. subobscura lines; however, within a continent, all populations were established at the same time and, among continents, the number of generations in the laboratory was similar in all experiments, such that one might expect parallel changes among populations on the various continents. Our previous studies of wing and body size variation in D. subobscura (Huey et al. 2000; show clinal variation persisting for at least 1 year; clines in wing size are readily detectable after 3 years in culture (unpublished data).
Even with this caveat, there is a striking pattern: D. subobscura from the invasive North American populations have much higher desiccation and starvation tolerance than those from Europe and South America, although the precipitation patterns and aridity indices generally overlap with the range in ancestral Europe. We speculate that the variation in stress tolerance among the continents may be related to biotic factors. In Europe, there are no other obscura-group competitors in the more arid, low-latitude populations. Likewise in South America, there are no other obscura-group flies, and interspecific competition with other dipterans over much of the year is relatively light (Budnik and Brncic 1983; Ricci and Budnik 1984) . In North America, however, D. subobscura's range overlaps with several obscura-group species, and competition with Drosophilia pseudoobscura, particularly in the warmer, dryer low-latitude populations, is probably intense (Pascual et al. 1993) . Laboratory studies find that under warmer conditions, D. subobscura is competitively inferior to D. pseudoobscura (Orengo and Prevosti 1994; Pascual et al. 1998 ). This suggests that low-latitude North American populations of D. subobscura may regularly be forced into marginal habitat by D. pseudoobscura (M. Noor, pers. comm.), potentially placing these animals under strong selection for desiccation and starvation tolerance. The extensive gene flow among D. subobscura populations (Pascual et al. 2001 (Pascual et al. , 2007 would spread alleles favoring higher desiccation and starvation tolerance among populations within North America. Unfortunately, little is known about the temporal dynamics of the invasion on either continent other than that the South American populations colonized most of their current range within 3 years after their discovery in Puerto Montt, Chile (Ayala et al. 1989) .
In this paper, we document the rapid evolution of stress tolerance along a latitudinal cline in introduced North American D. subobscura that closely parallels the clinal variation in ancestral Europe. South American populations with a similar introduction history, however, do not show a similar pattern of clinal variation. In contrast, previous studies of wing size clines demonstrated remarkably parallel patterns on all three continents, especially among females. The difference is striking suggesting that, even under similar climatic gradients in native and invaded habitats, parallel patterns of stress tolerance may not evolve. This 'grand experiment in evolution' (Ayala et al. 1989) suggests that, although some aspects of the physical environment may select on traits in a relatively predictable fashion across multiple introduced populations, local factors including competitors and other biotic modifiers may exert an influence on aspects of stress tolerance that cannot be anticipated. Indeed, changes in clinal temperature and precipitation patterns that are occurring as a result of greenhouse warming are clearly exerting selection on stress tolerance in this and other species. This study and genetical studies on D. subobscura (e.g. Balanyà et al. 2006) show that some degree of contemporary adaptation to climate change is possible; whether or not it will be enough to maintain viable populations in the years ahead is not known.
